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LHC SUSY SEARCHES = DM SEARCHES

Look  for Missing ET → invisible particles escaping detection (DM) 
Limits on parent non-DM particles
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SEARCHING FOR DM AT THE LHC

• LHC IS A “MEDIATOR” DIRECT DETECTION PROBE → DM ONLY 
PROBED INDIRECTLY

• WEAK LIMITS FOR WEAKLY 
COUPLED MEDIATORS 
(FEW x 100 GEV)



LHC AS DM MACHINE

• Mono-jet idea is an old one 
(early 80s) 

• More recently: use it to 
probe the DM-SM 
interactions model 
independently (Beltran et al. + 
many many others) 

• It’s the same “blob” in direct 
detection and LHC 
production…



• LHC results on σ vs. MDM plane 
• strong constraints, competitive with DD in 

SI, better for SD!

LHC AS DM MACHINE



MONO-X CRAZE

• Many Mono-X searches: 

• mono-jet 

• mono-photon 

• mono-Z 

• mono-W 

• mono-Higgs 

• mono-b 

• mono-top 

• When are they useful? Are all of 
them powerful? How do they 
compare with traditional searches 
using Missing ET?



• Mono-jet idea is an old one 
(early 80s) 

• More recently: use it to probe 
the DM-SM interactions model 
independently (Beltran et al. + many 
many others) 

• It’s the same “blob” in direct 
detection and LHC 
production… 

• … but energies are VERY 
different!

NOT SO FAST…



It’s the same “blob” 
describing e+e-→ hadrons 
at low energy and deep 
inelastic scattering, but 
you need a model (QCD) 
that tells you what’s inside 
the “blob” to connect the 
two experiments

NOT SO FAST…

e+

e-

hadron(s)

hadron(s)



NEED MODELS TO DESCRIBE 
EFFECTIVE INTERACTIONS 

BETWEEN SM AND DM



• Various models producing the 
same blob 

• Direct detection: 2 
parameters, mDM and 
coupling strength (↔σN)

• Models: at least 4 
parameters, often more

• Mapping of LHC results in 
(σ, m)-plane subject to 
assumptions

THE NEED FOR (SIMPLIFIED) MODELS

What to do?

q

q̄

q

q̄

�

�

eq

eq

eq

�̄

�̄

(a)

g �

�̄

q

q

q

eq

q

g

�

�̄

q

eq

(b)

g �

�̄

q

q

q

eq

q

g

�

�̄

q

eq

(c)

q �

q

�̄
g

eq

eq

(d)

q

q̄

q

q̄

�

�

eq

eq

eq

�̄

�̄

(e)

FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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• With models one can 
compare different LHC 
searches and find when 
mono-X searches to 
complement existing ones 

• Residual parameter 
dependence significantly 
changes the limits when 
presented in (σDD, m)-plane

THE NEED FOR (SIMPLIFIED) MODELS
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probe. The above is true only for the natural width case: a larger width always gives

bounds weaker than the EFT bounds. As we increase the mediator mass both monojet and

jets+MET bounds relax. If we were to extend our analysis to squark masses of a few TeV

we would observe the bound converging to the EFT bound, though by the time this happens

the perturbative interpretation of the mediator as an elementary scalar meditating a tree

level interaction between SM and DM sector is lost. In fact, as is clear from Figs. 6, 7, the

grey region (namely when �
M

> m
M

) will extend above the bound at m
M

⇠ 2 � 3 TeV.
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FIG. 8. Monojet (in red) and jets+MET (in blue) bounds on the DD cross-section as a function

of the DM mass at fixed mediator mass. The labels on each line correspond to the width, written

as m
M

/�
M

. The grey region corresponds to the particle becoming very broad, �min

M

� M , so that

the perturbative approach we apply is invalid. In the left panel no blue line appears because the

whole region of parameter space is ruled out.

Finally, in Figs. 8, 9 we translate these bounds in the m
DM

� �
n

plane, again for the

cases of ũ, d̃, c̃, s̃ L + R and d̃
R

, s̃
R

respectively with the same choices for the width as in

Fig.s 6, 7. For a Dirac particle there is both spin-independent and spin-dependent scattering,

though the dominant process will be spin-independent, for which the formula is

�
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is the nucleon-DM reduced mass, and
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with gu

L,M

, gd

L,M

, gu

R,M

, gd

R,M

the coupling of the mediator M to left or right handed up or

down quarks.
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FIG. 2. Sample Feynman diagrams for dijets and MET.

In the model considered the mediator couples directly to quarks, which means that it

may decay back to quarks in association with a DM particle. This can already be seen in

diagram (b) of Fig. 1, which can be interpreted as squark-DM associated production. The

main point is to quantitatively compare the relative strength of monojet searches to a direct

search for the mediator particle. Hence we consider a second final state, namely two jets

and missing energy. In Fig. 2 we collected some of the most relevant contributions at parton

level. This dijet final state, and the comparison to the monojet final state, has already

been considered in the literature [22–24]. There is, however, an important quantitative

di↵erence between our treatment and previous treatments: previous works simulated only

on-shell squark production, extracting the constraint on the size of the coupling by comput-

ing the on-shell squark pair production rate using MadGraph, and then comparing it to the

quoted constraint on the SUSY squark-neutralino simplified model results presented in the

experimental analysis. By contrast, we perform a full simulation for a multi-jet plus MET

final state including both on and o↵ shell squarks, including interference with the Standard

Model. In the next subsections, we will see the reason that the di↵erent approaches yield

di↵erent results for both monojet and jets+MET searches, and in which regions of parameter

space these di↵erences are most important.
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…MANY MANY THEORY PAPERS AND 2 JOINT 
ATLAS+CMS+THEORY WORKING GROUPS LATER…

Abercombie et al. 2015: 
models/parameters/MC samples/assumptions/plots to use 

s-channel and t-channel models fleshed out, rest of models 
(mostly relevant for mono-Z,h,W,t) still requires work



RECENT RESULTS
(s-channel, δΓ=0)



RECENT RESULTS
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RECENT RESULTS
(s-channel, δΓ=0)
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Figure 2. 95% CL exclusion regions in Mmed � mDM plane for di↵erent /ET based DM searches
from CMS in the lepto-phobic AV and V models. It should be noted that the exclusion regions and
relic density contours in this plot are not applicable to other choices of coupling values or models.
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(s-channel, δΓ=0)

Parameters chosen to make mono-X look best against DD and 
non-mono-X LHC searches (di-jets here)
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Dirac DM and couplings gq = 0.25 and gDM = 1. The SD exclusion contour is compared with
limits from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the Super-
Kamiokande limit for the bb̄ annihilation channel. It should be noted that the CMS limits do not
include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS searches
as well as their relative importance will strongly depend on the chosen coupling and model scenario.
Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices of
coupling values or models.
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Figure 4. A comparison of CMS results to the mDM–�SI plane . Unlike in the mass-mass plane,
the limits are shown at 90% CL. The CMS contour in the SI plane is for a Vector mediator, Dirac
DM and couplings gq = 0.25 and gDM = 1. The CMS SI exclusion contour is compared with the
LUX 2015, PandaX-II 2016, CDMSLite 2015 and CRESST-II 2015 limits, which constitutes the
strongest documented constraints in the shown mass range. It should be noted that the CMS limits
do not include a constraint on the relic density and also the absolute exclusion of the di↵erent CMS
searches as well as their relative importance will strongly depend on the chosen coupling and model
scenario. Therefore, the shown CMS exclusion regions in this plot are not applicable to other choices
of coupling values or models.
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(s-channel, δΓ=0)

Parameters chosen to make mono-X look best against DD and 
non-mono-X LHC searches (di-jets here)

Going forward: expect these limits to improve by O(10) by the end of LHC



S-CHANNEL MODEL LIMITS CHEATSHEET

HOW TO READ THOSE PLOTS
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HOW TO READ THOSE PLOTS
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keep lowering gq and Mm 
together and LHC limits 
disappear altogether!!



MONO-Z,W,H

• Only useful for models when 
Z,W,H comes from decay of 
mediator(s) 

• Many models can provide 
these mono-X signatures,  
but they are competitive 
against other searches only  
in a few of them

Model mono-h mono-Z direct constraints
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TABLE I: Summary of mono-Higgs and mono-Z topologies, as well as the corresponding relevant
direct searches considered in this work.
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“ELECTROWEAKINOS”

SPECIFIC MODELS: WIMP DM

• DM as Combination of Weak 
Singlet+Doublet+Triplet (a la MSSM) 

• Relevant for Direct Detection: there 
are points in parameter space where 
DM coupling to Z and Higgs can be 
tuned to vanish (for non-tuned pure 
state case as a target see Graham’s 
talk) 

• Pushing σN down makes these 
models progressively more tuned → 
never excludable but less and less 
compelling (like the finetuning story 
for the Higgs) 

• By end of 1T-scale experiments, 
tuning in 1 part in 100 territory

see G. Kribs talk
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Figure 16: Contours of fine-tuning of the relic abundance (SI scattering cross-section) are
shown in the left (right) panel, using the measure defined in App. B. The XENON1T and LUX
SI exclusion reaches are shown with solid red and green contours on the right.

approximation to a wide variety of ultraviolet theories. Limits and reaches were presented for
neutralinos comprising all or just a fraction of dark matter. The case of thermal freeze-out of
neutralinos yielding all dark matter was emphasized, as this allows a reduction in the parameter
space. In what follows, we summarize out main results, and then discuss future directions.

Our results are detailed in Fig. (3) - Fig. (16), which depict present limits and future reach
within the theory parameter space of neutralino DM. However, direct detection experiments
place bounds on the physical (m�, �) plane. For a proper comparison, Fig. (17) depicts the image
of thermal bino/Higgsino DM in the plane of physical parameters relevant to SI scattering. The
µ > 0 region has been excluded by XENON100 for values of m� up to about 500 GeV, but
the µ < 0 region is almost entirely unconstrained. The LUX, SuperCDMS and XENON1T
experiments will probe this µ < 0 region deeply. The absence of a signal would require a
cancellation in the scattering amplitude at the level of 1 part in 10 - 30.

For non-thermal bino/Higgsino DM only a small fraction of parameter space with |µ|,M
1

<
1 TeV has been excluded, as illustrated in Fig. (4). A large (small) fraction of the parameter
space for thermal DM has been excluded for µ > 0 (µ < 0), as can be seen most clearly in
the upper panel of Fig. (7). Future experiments, such as LUX and XENON1T, have a large
discovery potential, as they will explore the majority of the parameter space with µ,M

1

up to
1 - 2 TeV, as shown in Fig. (5). The hardest region to explore has low tan � and µ < 0, as this
lies close to a blind spot, where ch�� = 0. This is illustrated for thermal DM in the lower panels
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“ELECTROWEAKINOS”

SPECIFIC MODELS: WIMP DM

• One can tune out DM 
interactions with Z and h, but 
cannot also tune out electroweak 
couplings of DM partners 
(charginos and other neutralinos) 

• LHC can produce those and 
probe the blind spot regions IF   
-inos are not too heavy 

• projected limits are well below 
TeV for LHC reach 

• for heavier masses indirect 
detection a possibility

see G. Kribs talk
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Figure 16: Contours of fine-tuning of the relic abundance (SI scattering cross-section) are
shown in the left (right) panel, using the measure defined in App. B. The XENON1T and LUX
SI exclusion reaches are shown with solid red and green contours on the right.

approximation to a wide variety of ultraviolet theories. Limits and reaches were presented for
neutralinos comprising all or just a fraction of dark matter. The case of thermal freeze-out of
neutralinos yielding all dark matter was emphasized, as this allows a reduction in the parameter
space. In what follows, we summarize out main results, and then discuss future directions.

Our results are detailed in Fig. (3) - Fig. (16), which depict present limits and future reach
within the theory parameter space of neutralino DM. However, direct detection experiments
place bounds on the physical (m�, �) plane. For a proper comparison, Fig. (17) depicts the image
of thermal bino/Higgsino DM in the plane of physical parameters relevant to SI scattering. The
µ > 0 region has been excluded by XENON100 for values of m� up to about 500 GeV, but
the µ < 0 region is almost entirely unconstrained. The LUX, SuperCDMS and XENON1T
experiments will probe this µ < 0 region deeply. The absence of a signal would require a
cancellation in the scattering amplitude at the level of 1 part in 10 - 30.

For non-thermal bino/Higgsino DM only a small fraction of parameter space with |µ|,M
1

<
1 TeV has been excluded, as illustrated in Fig. (4). A large (small) fraction of the parameter
space for thermal DM has been excluded for µ > 0 (µ < 0), as can be seen most clearly in
the upper panel of Fig. (7). Future experiments, such as LUX and XENON1T, have a large
discovery potential, as they will explore the majority of the parameter space with µ,M

1

up to
1 - 2 TeV, as shown in Fig. (5). The hardest region to explore has low tan � and µ < 0, as this
lies close to a blind spot, where ch�� = 0. This is illustrated for thermal DM in the lower panels
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(HIDDEN VALLEYS & CO)

HIDDEN SECTOR DM & LHC

• LHC has advantage if heavy mediators are in 
energy range 

• in general spectacular long cascades of SUSY-
like signals with or without long lived particles 

• Limits on different interactions than used in 
Direct Det.’ → orthogonal plane in parameter 
space 

• If no heavy mediators in reach: 

• <10GeV mediators (dark photons, etc.) are 
best probed at intensity frontier exp’ 

• 10-100GeV LHC may improve over LEP in 
the long run? (work needed)

DM is 
here



DM @ LHC VS DIRECT DET

• LHC has the potential for probing Dark Matter at and below the 
weak scale 

• It is really a “mediator” machine → best limits if the particles 
mediating DM interactions with the SM are heavy but in the 
energy range of the LHC (few x 100 GeV → few x TeV) 

• LHC is sensitive on the structure of interactions → Effective 
operator approach is too simplistic to convert limits to σDD vs mDM 

• Direct detection and LHC are complementary strategies and 
plenty of parameter space to probe (even at low DM mass) with 
DD even after LHC has ended its program
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